Food-borne salmonellosis is a major manifestation of gastrointestinal disease in humans across the globe. Accurate and rapid identification methods could positively impact the identification of isolates, enhance outbreak investigation, and aid infection control. The SNaPshot multiplex system is a primer extension-based method that enables multiplexing of single nucleotide polymorphisms (SNPs). Here the method has been developed for the identification of five Salmonella serotypes, commonly detected in the United Kingdom, based on serotype-specific SNPs identified in the multilocus sequence typing (MLST) database of Salmonella enterica. The SNPs, in genes hemD, thrA, purE, and sucA, acted as surrogate markers for S. enterica serovars Typhimurium, Enteritidis, Virchow, Infantis, and Braenderup. The multiplex primer extension assay (MPEA) was conducted in two separate panels and evaluated using 152 Salmonella enterica isolates that were characterized by MLST. The MPEA was shown to be 100% specific and sensitive, within this collection of isolates. The MPEA is a sensitive and specific method for the identification and detection of Salmonella serotypes based upon SNPs seen in MLST data. The method can be applied in less than 6 h and has the potential to improve patient care and source tracing. The utility of the assay for identification of Salmonella serotypes directly from clinical specimens and food samples warrants further investigation.
Food-borne salmonellosis is an important public health problem, causing substantial morbidity and mortality worldwide. Transmission of salmonella to humans has been linked to multiple sources, including contaminated or undercooked food. Therefore, development of rapid and sensitive methods for detection of Salmonella serovars directly from clinical specimens and environmental samples may have a significant impact on the disease burden caused by this pathogen. Tools developed for such purposes could help both in preventing the spread of outbreaks and in clinical diagnosis. Traditional methods for diagnosis of Salmonella strains, including culture on selective media and biochemical and serological identification methods, have been successful in clinical diagnostic laboratories and in epidemiological surveillance (1, 10, 13, 26) . However, these methods may require up to 3 days to provide results and are not as amenable to high-throughput analyses as some more-recently proposed molecular typing methods. Many molecular methods have been described for detection of Salmonella serovars (4, 6, 24, 25, 31, 33) ; however, these methods are not always rapid assays and generally do not permit serovar identification. In addition, these approaches cannot be applied directly to clinical and environmental samples and require a bacterial culture, which increases analysis time and can lead to culture-based biases.
Multilocus sequence typing (MLST) is a high-resolution genotyping technique that has emerged as a powerful tool for determining the global epidemiology and population structure of many bacterial pathogens, including Salmonella enterica (18, 32) . MLST detects sequence variability within particular genes to determine the genetic relatedness of organisms (12) . The method is reproducible, and the data generated are easy to interpret and directly comparable among laboratories (9) . However, MLST remains expensive and impractical for routine examination of bacterial genotype. Therefore, the use of informative single nucleotide polymorphisms (SNPs) has been recently suggested as a cost-effective alternative to full MLST characterization (2, 3) . SNP typing, using various genetic targets, has been reported to be a robust method for analysis of relationships of S. enterica serovar Typhi (20, 22, 23 ). An advantage of the SNPs observed across MLST loci is that they represent neutral genetic variation in the bacterial genome (12) and thus could be used for developing accurate, rapid, economical, and phylogenetically meaningful typing methods that may lead to significant improvements in diagnosis and surveillance for Salmonella serotypes.
The SNaPshot multiplex system (Applied Biosystems) can be used to genotype multiple known SNPs simultaneously using a multiplex primer extension assay (MPEA) approach. These assays monitor the single-base extension of unlabeled oligonucleotide primers, which bind to a cDNA template adjacent to target SNPs. DNA polymerase extends the primer at the polymorphic site, incorporating a fluorescently labeled dideoxynucleoside triphosphate (ddNTP), and the fluorescently labeled extension products are separated and visualized using capillary electrophoresis. The SNaPshot approach has been demonstrated to be efficient in various fields of research, such as forensic investigation (5, 21) and clinical diagnosis (11) . The approach has been applied in microbiological investigations, though until recently, this has been for analysis of mammalian systems when interacting with bacteria (8, 14-16, 19, 28) .
In the present study, we have developed an MPEA for rapid "molecular serotyping" of Salmonella isolates by targeting 15
SNPs identified by interrogation of the MLST database for salmonella.
(Some of this work was presented as a poster at the Health Protection Agency Conference, Warwick, United Kingdom, September 2009.)
MATERIALS AND METHODS
Bacterial isolates and direct DNA extraction. A total of 152 Salmonella enterica strains belonging to 33 serotypes were used in this study. The isolates were collected by the Laboratory for Gastrointestinal, Emerging and Zoonotic Infections, Centre for Infections, Health Protection Agency (HPA), Colindale, United Kingdom (Table 1) .
DNA extraction and MLST analysis. The 152 isolates were cultured on nutrient and MacConkey agars at 37°C overnight, and chromosomal DNA was extracted using PrepMan Ultra sample preparation reagent, according to the manufacturer's instructions (PrepMan Ultra; Applied Biosystems).
MLST was performed, as described previously (17), on DNA extracted from all cultured isolates. Sequenced products were separated and detected using a CEQ 8000 Beckman Coulter DNA analysis sequencer. The sequence of each DNA strand was determined and assembled from the chromatograms by using Sequencher software (Sequencher 4.7; Gene Codes Corporation). Allele numbers were assigned and converted to sequence type (ST) after the sequences were submitted, via the Internet, to the Salmonella MLST database (http://mlst.ucc.ie /mlst/dbs/Senterica).
Identification of diagnostic alleles and SNPs. Key alleles for each Salmonella serovar are specific for certain serovars or STs, ideally having a positive predicted value close to 1 (2). Key alleles were identified in the current study for the different STs seen in each of the serovars under examination ( Table 2 ). The predictive alleles identified for each ST/serovar were verified by matching them against all MLST alleles in the Salmonella MLST database (http://mlst.ucc.ie /mlst/dbs/Senterica). Sequences were downloaded and aligned using the BioEdit Sequence Alignment Editor, version 7.0.0 (Tom Hall, North Carolina State University). A visual screen of alignments was carried out to allow identification of SNPs diagnostic for each allele, and a multiplex primer extension, or SNaPshot, assay was designed, including each of the diagnostic SNPs.
SNaPshot primer design. In this study, an MPEA was performed to detect 15 SNPs in the following two panels. Panel I targeted 7 SNPs among two key alleles (hemD and thrA) to identify and differentiate S. enterica serovar Typhimurium and S. enterica serovar Enteritidis, which are the most common serovars causing infection in the United Kingdom. Panel II included 8 SNPs within three alleles (thrA, sucA, and purE) for identification of S. enterica serovar Virchow, S. enterica serovar Infantis, and S. enterica serovar Braenderup (Table 3 ). The primers (forward and reverse) were tested individually to assess performance and validate migration size before being tested in multiplex reactions.
Template preparation. Templates for the MPEA were amplified using the primers shown in Table 3 . PCR amplifications were carried out in a total volume of 50 l and included the following: 1 l of genomic DNA; 5 l of mix primer (10 pmol/l); 5 l of 10ϫ PCR buffer (Qiagen, Crawley, West Sussex, United Kingdom); 10 l of 1 mM deoxynucleotide triphosphates (dNTPs; Roche); 2 l of 25 mM magnesium chloride (MgCl 2 ); and 0.25 units of Hot Taq DNA polymerase (Qiagen). The targets were amplified under the following conditions: initial denaturation of 95°C for 15 min; 35 cycles of denaturation at 94°C for 40 s, annealing at 55°C for 40 s, and extension at 72°C for 1 min; and a final extension step of 72°C for 2 min and a hold at 4°C. The samples were placed on an a NA, extension products corresponding to these loci were not included among the study collection; -, nucleotides not covered by extension primers.
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Eppendorf Mastercycler thermal cycler (Helena Biosciences, Gateshead, United Kingdom). Amplification products were checked and quantified by electrophoresis on a 2% agarose gel. PCR products were purified to remove unincorporated primers and dNTPs by preparing 7 l of mix with the following: 1.0 l (1.0 unit) of shrimp alkaline phosphatase (SAP; USB Corporation), 0.05 l (0.5 units) of exonuclease I (ExoI; New England BioLabs, Inc.), and 2.0 l of PCR product. The mix was incubated at 37°C for 1 h, followed by 72°C for 15 min to inactivate enzymes.
Primer extension reactions and postextension treatment. The multiplex extension reactions were performed by following the manufacturer's recommendations with a 10-l mix (2 l treated PCR mix, 5 l SNaPshot multiplex ready reaction mix from the SNaPshot multiplex kit [Applied Biosystems], and 1 l of mix extension primer [8 pmol] ). The reaction mix was incubated in an Eppendorf Mastercycler thermal cycler (Helena Biosciences) for 25 cycles of 95°C for 10 s, 50°C for 15 s, and 60°C for 30 s. Primer extension products were treated using 1.5 l of SAP at 37°C for 1 h, followed by 72°C for 15 min to prevent migration of unincorporated fluorescent ddNTPs during electrophoresis.
Analysis of primer extension products. Primer extension product analysis was carried out on an ABI Prism 3100 genetic analyzer (Applied Biosystems), using dye set E and the SNP36_POP-4 polymer default module (Applied Biosystems). A total of 1.2 l of the purified primer extension products was mixed with 9.5 l of Hi-Di formamide (Applied Biosystems) and 0.5 l of LIZ-120 internal sizing standard (Applied Biosystems). The data were analyzed using GeneScan version 3.5, GeneScan-120 LIZ standard analysis parameter files, and Genotyper software version 3.7 (Applied Biosystems). All resulting data were exported to and analyzed using Microsoft Excel. (Table 1) . Good correlation was seen between ST and serovar for all isolates, and some serovars were subgrouped by MLST, generally showing a predominance of one ST. For example, the 28 S. Typhimurium isolates were resolved into STs 19 (n ϭ 25), 34 (n ϭ 1), 313 (n ϭ 1), and 328 (n ϭ 1). In contrast, isolates of S. enterica serovar Newport were more genetically diverse, being represented by STs 45 (n ϭ 3), 118 (n ϭ 2), 156 (n ϭ 1), 166 (n ϭ 1), and 360 (n ϭ 1).
RESULTS

MLST analysis of salmonella isolates. MLST resolved the 152 isolates into 50 STs
Identification of diagnostic alleles and corresponding SNPs specific for differentiation of salmonella serovars. Using the approach adopted by Best and colleagues (2, 3), key alleles were identified for differentiation among five Salmonella serovars. The strategy used in our MPEA involved the identification of discriminatory key allele combinations that were predictive for each ST of interest. Where possible, STs were selected that had high positive and negative predictive values and that were the most common in the MLST database (Table 2) .
Up to four SNPs were required for precise identification of some serovars, leading to a large collection of oligonucleotides covering the SNPs contained in all five serovars under investigation ( Table 3) . As a consequence, the MPEA was run with the following two panels of probes: one panel covering S. Typhimurium and S. Enteritidis and the second covering S. Virchow, S. Infantis, and S. Braenderup (Table 3) .
The fluorophore attached to the oligonucleotides will affect the migration pattern of the individual sample, in that the observed fragment size may not be the expected fragment size. Therefore, samples were initially tested individually to validate the migration pattern of the individual SNPs prior to multiplexing.
Specificity of the MPEA. The MPEA was demonstrated to be a reliable and accurate method for identification of the five target Salmonella serovars (Fig. 1) . All isolates (n ϭ 152) were tested with both panels of extension primers in order to determine the specificity and sensitivity. The assay was shown to be specific and data obtained were consistent with the corresponding MLST database profiles. The specificity of the assay was 100% (P Ͻ 0.0001), following evaluation using isolates representing 33 Kauffmann-White serovars and 50 different STs, with a sensitivity of 100%.
DISCUSSION
This paper provides the first report of the detection and identification of five Salmonella serovars by using a multiplex primer extension, or SNaPshot assay, which targets 15 SNPs in four key genes (hemD, thrA, sucA, and purE). SNP typing based on the data generated from MLST analyses has been described for other organisms, including campylobacter, Neisseria meningitidis, and Staphylococcus aureus (27, 29, 30) . Such assays represent powerful tools in that the assays give phylogenetically representative information.
We have adopted an approach used previously for phylotyping Brucella species (28) and Escherichia coli (16) . We have studied 152 isolates, representing 50 STs and 33 KauffmannWhite Salmonella serovars, and have selected key alleles from the Salmonella MLST database. At the time of writing (July 2009), the Salmonella MLST database had more than 670 STs, representing various Salmonella serovars, with some serovars being represented by more than 1 ST.
The MPEA was separated into panel I (seven SNPs diagnostic for S. Typhimurium and S. Enteritidis) and panel II (eight SNPs specific for S. Virchow, S. Infantis, and S. Braenderup). The extension primers were designed to be of different lengths and could be distinguished by migration times during capillary electrophoresis. The MPEA had 100% specificity and sensitivity for detecting the target Salmonella serovars, and we suggest that the MPEA is useful for molecular serotyping S. enterica isolates.
Our strategy was based on the identification of key allele combinations for the five most prevalent serovars in the United Kingdom. The approach was complicated by the diversity seen in Salmonella MLST alleles, and more than one target was required for identification of each serovar. The key alleles were selected, where possible, to have high positive and negative predictive values and be present with a high frequency within the serovar of interest. For example, with S. Typhimurium and S. Infantis, the key alleles hemD12 and sucA21 had high positive (0.92 and 1.0, respectively) and negative (0.99 and 0.99, respectively) predictive values, which would allow identification of 25 of 29 STs observed for S. Typhimurium in the MLST database and 6 of 8 STs for S. Infantis. Isolates of the abovementioned serovars that were not recognized by the assay are present in low numbers in the MLST database and were genetically unrelated to the correctly identified isolates, having allelic profiles that placed them in different clonal complexes.
For S. Enteritidis and S. Virchow, the key alleles thrA11 and thrA14 had low positive predictive values (0.61 and 0.69, respectively) and high negative predictive values (0.98 and 0.99, respectively). In this case, the MPEA scheme is predicted to correctly identify the majority of S. Enteritidis (53%) and S. Virchow (82%) STs in the MLST database. However, local epidemiological variations would probably lead to much higher accuracy, with a more select range of STs circulating in any given region (7). In the current study, all S. Enteritidis isolates were correctly identified using the MPEA. For identification of all S. Enteritidis isolates using the MPEA, additional key alleles targeting STs 460, 77, 335, 334, 6, 172, and 180 will need to be identified, followed by creation of a new primer panel. However, as alluded to above, this would be necessary only if these STs were thought to be present in the locality in which the assay was being performed and if it is feasible given the flexibility and adaptability of the assay.
In summary, the MPEA developed here represents a novel diagnostic tool with utility for detection and identification of the five most prevalent Salmonella serovars in the United Kingdom. The data produced are clear and objective and reflect the phylogeny of salmonella, though further studies with application of the assay to more diverse isolates and more recently discovered STs are necessary. The assay is currently separated into two panels, but it is extremely flexible and could be developed to target any serovar/ST of interest. The MPEA could be used to type (and in some instances, predict the serovars of) organisms that are not able to be identified using conventional serotyping approaches. We also suggest that the preliminary work we have carried out using DNA extracted directly from a small number of clinical and food samples (data not shown) warrants further investigation of what may be a powerful tool for identification of salmonella isolates.
The MPEA technique could be semiautomated, has a highthroughput capability, and can easily and cheaply be performed in a single day. As such, it could have an impact on the care of individual patients or be applied in the wider context of detecting the source of infection or food contamination.
